Broad-spectrum resistance refers to resistance against two or more types of pathogen species or the majority of races of the same pathogen species . Plants fight against pathogen invasion via two major categories of resistance: qualitative (or vertical or complete) resistance mediated by disease resistance (R) genes, and quantitative (or horizontal or partial) resistance contributed by multiple genes or quantitative trait loci (QTLs). Qualitative resistance is highly efficient, but it is specific for pathogen race; in other words, it has a limited resistance spectrum. In addition, this type of resistance may be easily overcome because of the rapid evolution of pathogens (McDonald and Linde, 2002) . In contrast, quantitative resistance is presumably nonspecific for pathogen species or race and is, therefore, durable. Furthermore, it is the only type of resistance for some plants against some pathogens, such as rice (Oryza sativa) against Xanthomonas oryzae pv oryzicola (Xoc), the causal agent of bacterial streak disease (Hu and Wang, 2009) . However, it is generally difficult to use resistance QTLs in breeding programs as compared with the use of R genes, because most of these QTLs have small effects, with each explaining less than 10% of phenotypic variation, and because the genes underlying resistance QTLs are largely unknown . Recently, several minor resistance QTLs have been characterized from rice (Hu et al., 2008; and four major resistance QTLs have been isolated from wheat (Triticum aestivum) and rice (Fu et al., 2009; Fukuoka et al., 2009; Krattinger et al., 2009; Manosalva et al., 2009) . These studies are shedding light on the molecular mechanisms of quantitative disease resistance. GH3-8 is one of the genes that contribute to the minor resistance QTLs from rice, and it regulates rice resistance by suppressing auxin signaling (Ding et al., 2008; Hu et al., 2008) .
Except for its well-known roles in plant growth and development, auxin has been known for a long time to be a virulence factor in some host-pathogen systems (Sequeira and Kelman, 1962; Glickmann et al., 1998) , but it is only recently that the molecular basis of auxin in host-pathogen interactions has been clarified. Flg22 is a bacterium-derived peptide that belongs to an evolutionarily conserved pathogen-associated molecular pattern. The peptide induces a microRNA, which in turn cleaves the RNAs of auxin receptors and results in an immune response in Arabidopsis (Arabidopsis thaliana; Navarro et al., 2006) . Arabidopsis GH3-type proteins functioning in auxin signaling positively regulate bacterial resistance, associated with a salicylic acid (SA)-dependent pathway (Jagadeeswaran et al., 2007; Nobuta et al., 2007; Park et al., 2007; Zhang et al., 2007) . SA is involved in the suppression of auxin signaling during resistance to bacterial disease in Arabidopsis (Wang et al., 2007a) . Indole-3-acetic acid (IAA) is the major form of auxin in most plants, including rice. Rice GH3-8 is an IAA-amido synthetase and inactivates IAA by conjugating it to amino acids. GH3-8 mediates bacterial resistance by suppressing the loosening of the cell wall caused by auxin signaling (Ding et al., 2008) . Rice GH3-1 also positively regulates resistance to fungal pathogens in a manner similar to GH3-8 (Domingo et al., 2009 ). These findings indicate that auxin may have complicated roles in plantpathogen interactions.
The normal physiologic function of auxin depends on the appropriate concentration in the right place at the right time. Plants have evolved a wide variety of effective ways to regulate IAA homeostasis, one of which is to conjugate IAA to other molecules such as amino acids, sugars, peptides, or even proteins to activate or inactivate it (Seidel et al., 2006; Bari and Jones, 2009; Ludwig-Mü ller et al., 2009) . Some GH3 proteins are IAA-, SA-, or jasmonic acid (JA)-amido synthetases, which modify the action of IAA, SA, or JA by conjugating them to amino acids (Staswick et al., 2005; Ludwig-Mü ller et al., 2009) .
IAA can rapidly and transiently induce the expression of many genes functioning in the IAA-dependent pathway, including some GH3s (Woodward and Bartel, 2005) . There are 19 GH3 paralogues in Arabidopsis; they are classified into three groups, and the paralogues in group II are IAA-amido synthetases that remove excess IAA by inactivating it (Staswick et al., 2005) . The rice GH3 family consists of 12 active paralogues. Among them, GH3-1 and GH3-8 are activators of rice disease resistance (Ding et al., 2008; Domingo et al., 2009) and are classified into the same group with Arabidopsis GH3 group II proteins (Terol et al., 2006) . These results suggest that other orthologs of GH3 group II in the plant kingdom may also have roles in plant-pathogen interactions due to their putative roles in the regulation of IAA homeostasis.
Bacterial blight caused by Xanthomonas oryzae pv oryzae (Xoo), bacterial streak caused by Xoc, and fungal blast caused by Magnaporthe grisea bring disastrous yield losses in rice worldwide every year. Although R genes are major genetic resources for the improvement of rice resistance against Xoo and M. grisea in breeding programs currently, the numbers of R genes against the two types of pathogens are limited (Chu and Wang, 2007; Ballini et al., 2008) , along with the shortcomings of R genes mentioned above. In addition, no R gene against Xoc has been reported so far. Thus, disease resistance QTLs are available and valuable resources for breeding rice against these diseases (Wisser et al., 2005; Zhang et al., 2005) . A previous study reported that a rice EST, EI5P11, is mapped to two loci, EI5P11a and EI5P11b, which overlap with the regions harboring two resistance QTLs, respectively (Wen et al., 2003) . Locus EI5P11b on chromosome 7 is GH3-8. It is confirmed to contribute to a minor resistance QTL against Xoo by the strategy of validation and functional analysis of the QTL (Ding et al., 2008; Hu et al., 2008) . Locus EI5P11a on chromosome 1 corresponds to GH3-2, a paralogue of the rice GH3 family, based on the nomenclature of Terol et al. (2006) . GH3-2 belongs to group II of this family (Terol et al., 2006) . These results suggest that GH3-2 may be involved in disease resistance.
To ascertain whether GH3-2 played a role in ricepathogen interactions, we performed functional complementary and QTL analyses of GH3-2. These analyses suggest that GH3-2 encodes an IAA-amido synthetase and may contribute to a minor resistance QTL. GH3-2 positively regulates rice disease resistance by suppressing pathogen-induced accumulation of IAA in rice. Activation of GH3-2 confers to rice a broadspectrum and partial resistance against Xoo, Xoc, and M. grisea.
RESULTS

GH3-2 Colocalizes with a Disease Resistance QTL
Rice var Minghui 63 (in subsp. indica) carries R genes Xa3/Xa26 and Xa25(t) against Xoo (Chen et al., 2002; Sun et al., 2004) and rbr2 against M. grisea (Yang et al., 2008) . It has resistance to Xoo strain JL691 and M. grisea isolate V86013, moderate resistance to Xoo strain PXO61 and M. grisea isolates F1814 and F1366, and susceptibility to Xoo strain KS-1-21. Rice var Zhenshan 97 (in subsp. indica), carrying no known R gene, is susceptible to these pathogens (Chen et al., 2003; Yang et al., 2003) . We mapped GH3-2 in a recombinant inbred line (RIL) segregation population that was developed from a cross between Zhenshan 97 and Minghui 63. This population had been used to screen rice resistance to M. grisea and Xoo (Chen, 2001; Chen et al., 2003) . The mapping showed that GH3-2 colocalized with the curves of resistance QTLs against Xoo strains KS-1-21 and PXO61 and M. grisea isolates V86013 and F1366 in chromosome 1, respectively (Fig.  1 ). GH3-2 also colocalized with two putative QTLs, which had a logarithm of odds of less than 2.5 against M. grisea isolate F1814 and Xoo strain JL691 (Supplemental Fig. S1 ). These QTLs appear to represent one QTL according to their flanking markers and the specificity of the GH3-2 probe. This QTL explained 5.2%, 6.4%, 3.0%, 5.9%, 9.6%, and 3.9% of the phenotypic variation of resistance to KS-1-21, PXO61, JL691, V86013, F1366, and F1814 in the mapping population, respectively. The defense-responsive gene OsWRKY13, which contributes to a minor resistance QTL (Hu et al., 2008; Qiu et al., 2009) , also colocalized with this QTL ( Fig. 1; Supplemental Fig. S1 ). A recent study revealed that several physically clustered defense-responsive genes function in cooperation as a resistance QTL in rice (Manosalva et al., 2009 ). The present results suggest that GH3-2 and OsWRKY13 may collectively contribute to this resistance QTL.
The resistance alleles at the QTLs and the putative QTL against all three Xoo strains were from Minghui 63, and the alleles at the QTLs and the putative QTL against the three M. grisea isolates were from Zhenshan 97 in this population. Comparative analysis of the genomic and cDNA sequences of GH3-2 (GenBank accession no. GU001814) from Minghui 63 showed that the gene was 3,756 bp in length and had a coding region interrupted by two introns (Supplemental Fig.  S2A ). The GH3-2 alleles from Minghui 63 and Zhenshan 97 encode an identical protein consisting of 614 amino acids. However, a distinct difference was noted in the promoter regions of the two alleles. Except for four single-base changes, a 430-bp insertion and a 51-bp deletion existed in the promoter region of GH3-2 in Minghui 63 in comparison with the GH3-2 promoter region in Zhenshan 97 (Supplemental Fig. S3 ). These results suggest that the GH3-2 allele putatively contributing to the resistant locus may result from an expressional difference during rice-pathogen interaction, as compared with its susceptible allele.
Pathogen Infection Influences GH3-2 Expression
To test whether the promoter difference of the two alleles resulted in their transcriptional discrepancy, we analyzed GH3-2 expression patterns in the resistant (Minghui 63) and susceptible (Zhenshan 97) parents of the RIL population and several RILs that had relatively consistent genetic backgrounds. RILs R16 and R153 showed significantly (P , 0.01) enhanced Xoo resistance compared with RILs R73 and R154, which had the same genotypes at R gene loci and resistance QTLs except for the GH3-2 locus, respectively (Fig. 2) . GH3-2 expression was rapidly induced in Minghui 63 and the RILs (R16 and R153) that carried the GH3-2 allele from Minghui 63 but was rapidly suppressed in Zhenshan 97 and the RILs (R73 and R154) that carried the GH3-2 allele from Zhenshan 97 at 2 h after Xoo infection (Fig.  2) . In addition, the transcript levels of GH3-2 were significantly higher in Minghui 63, R16, and R153 than in Zhenshan 97, R73, and R154, both without and with Xoo infection (Fig. 2) .
In contrast, M. grisea infection induced GH3-2 expression in both Minghui 63 and Zhenshan 97 and the RILs carrying the GH3-2 alleles from either of the parents (Fig. 3A) . However, GH3-2 expression patterns in the two RILs, R233 and R194, that had the same genotypes at the R gene locus and resistance QTLs except for the GH3-2 locus were relatively different compared with the pattern in Zhenshan 97, although the two lines showed the same level of disease phenotypes based on the 0-to-9 scale rating system (International Rice Research Institute, 2002) . The expression level of the GH3-2 allele from Minghui 63 in R233 was significantly higher than that in Zhenshan 97 before and at some time points after M. grisea infection, whereas the expression level of the GH3-2 allele from Zhenshan 97 in R194 was significantly higher than that in Zhenshan 97 at other time points after infection (Fig. 3A) .
Rice var Dular (in subsp. indica) is resistant to Xoc strain RH3 (Chen et al., 2006) . Compared with Dular (lesion length of 0.22 6 0.06 cm), Minghui 63 (lesion length of 2.21 6 0.10 cm) was susceptible to RH3. The expression level of GH3-2 was approximately 3-fold higher in Minghui 63 than in Dular when without pathogen infection (Fig. 3B) . However, the GH3-2 expression level increased 2.9-to 3.5-fold in resistant Dular at 6 and 24 h after RH3 infection but was reduced 52% in susceptible Minghui 63 at 12 h after infection (Fig. 3B) .
To summarize these results, GH3-2 appeared to be more rapidly or efficiently induced in resistant reactions than in susceptible reactions. These results suggest that GH3-2 may positively regulate rice resistance against different pathogens.
Activating GH3-2 Enhances Rice Resistance to Xoo, Xoc, and M. grisea
To examine the role of GH3-2 in disease resistance, we manipulated GH3-2 expression. GH3-2 was overexpressed in susceptible var Mudanjiang 8 (in subsp. japonica). Fourteen independent transformants, named D176UM, were developed to the booting stage for further analyses. At this stage, 13 of the 14 T0 plants showed significantly enhanced resistance to Xoo strain PXO61, with the lesion area ranging from 47.8% to 58.9% versus 81.9% for the wild type (Supplemental Fig. S4A ). The enhanced resistance of these plants was associated with an increased expression of GH3-2. Plants in three T1 families from resistant T0 plants, D176UM11, D176UM14, and D176UM34, were further analyzed individually at the booting stage for their resistance to PXO61 and the GH3-2 transcript level. All the T1 plants showing significantly enhanced resistance to PXO61 had increased expression of GH3-2, whereas other plants showing no significant difference from the wild type in response to PXO61 inoculation had no detectable increased GH3-2 expression ( Fig. 4 ; Supplemental Fig. S4B ). The growth rates of PXO61 on the leaves of resistant transgenic plants were reduced 72% to 77% compared with the susceptible wild-type plants at 14 d after infection (Supplemental Fig. S4C ). The cosegregation of enhanced resistance and increased GH3-2 expression suggest that GH3-2 positively regulates rice resistance to Xoo by inhibiting the growth of this bacterium.
GH3-2-suppressing plants were generated using the RNA interference (RNAi) strategy in rice var Zhonghua 11 (in subsp. japonica). The GH3-2 transcript levels in T0-RNAi plants were 23% to 66% of that in wildtype plants (Supplemental Fig. S5 ). The GH3-2 transcript levels in the positive RNAi plants of two T1 families were 21% to 29% and 31% to 43% of that in the wild type, respectively (Supplemental Fig. S6 ). However, all the transgenic plants showed a similar level of susceptibility to Xoo as the wild type. This result could be explained by the incomplete suppression of GH3-2 and the functional redundancy among the paralogues. Thus, only GH3-2-overexpressing plants were used for further analyses.
Activation of GH3-2 also increased rice resistance against Xoc and M. grisea. The positive transgenic plants from two T1 families (D176UM11 and D176UM34) showed significantly enhanced resistance to Xoc strain RH3 (Table I) ; the lesion lengths of the positive transgenic plants were reduced 76% and 80% compared with the negative transgenic plants in the same family, respectively. The homozygote T2 lines of D176UM11 and D176UM34 were also tested for blast resistance by inoculation with M. grisea isolate CHL358. The GH3-2-overexpressing plants showed markedly enhanced resistance (Table II) . These results Figure 2 . GH3-2 expression was responsive to Xoo infection in RILs and their parents, Zhenshan 97 and Minghui 63. Plants were infected with Xoo strain JL691 at the six-leaf stage. ck, Before infection. Bars represent means (three replicates) 6 SD. The "a" or "b" indicates that a significant difference was detected between noninfected and Xoo-infected plants of the same rice line at P , 0.01 or P , 0.05, respectively. Two asterisks or one asterisk indicate that a significant difference was detected between susceptible Zhenshan 97 and other rice lines of the same treatment at P , 0.01 or P , 0.05, respectively.
suggested that GH3-2 mediates a broad-spectrum resistance.
GH3-2 Encodes an IAA-Amido Synthetase and Modulates Auxin Homeostasis in Rice
GH3-2 belongs to group II of the GH3 proteins (Terol et al., 2006) . This group of GH3 proteins contains IAAamido synthetases functioning to inactivate auxin by conjugating excess IAA to amino acids in both Arabidopsis and rice (Staswick et al., 2005; Ding et al., 2008 ). GH3-2 shows 72% sequence identity and 82% sequence similarity to rice GH3-8, which is an IAAamido synthetase (Supplemental Fig. S7 ; Ding et al., 2008) . To ascertain the biochemical function of GH3-2, we tested the enzyme activity of recombinant GH3-2 in the reaction mixture containing IAA and Asp or Ala. The reactions produced new products that had the same retention times as IAA-Asp and IAA-Ala (Fig. 5) . However, more IAA-Asp than IAA-Ala was generated in the reaction mixtures. These results suggest that GH3-2 has amido synthetase activity and is more capable of catalyzing the synthesis of IAA-Asp than IAA-Ala. This conclusion is supported by the quantification of IAA and IAA-amino acids in planta. We quantified the concentrations of IAA, IAA-Asp, and IAA-Ala in transgenic plants after infection with Xoo, Xoc, or M. grisea. After Xoo infection, the IAA levels in GH3-2-overexpressing lines were maximally reduced (24 h after infection) 42.9% and 48.6% compared with wildtype plants, whereas the IAA-Asp levels in GH3-2-overexpressing lines were maximally increased (48 h after infection) 1.8-and 2.4-fold compared with wildtype plants (Fig. 6A) . No IAA-Ala was detected in transgenic and wild-type plants. The IAA and IAAAsp levels were also reduced and increased, respectively, in GH3-2-overexpressing lines compared with A, GH3-2 expression was induced by infection with M. grisea isolate 9-17-2 in RILs and their parents, Zhenshan 97 and Minghui 63, at the four-to five-leaf stage. The "a" or "b" indicates that a significant difference was detected between noninfected and pathogeninfected plants of the same rice line at P , 0.01 or P , 0.05, respectively. Two asterisks or one asterisk indicate that a significant difference was detected between susceptible Zhenshan 97 and other rice lines of the same treatment at P , 0.01 or P , 0.05, respectively. B, GH3-2 expression was influenced by infection with Xoc strain RH3. ck, Before infection. wild-type plants after infection with Xoc and M. grisea (Fig. 6B) . Thus, GH3-2 appears to be involved in the regulation of auxin homeostasis in rice. Activation of GH3-2 may influence the action of auxin.
Activation of GH3-2 Suppresses Auxin Signaling
The dwarf and tufted morphology of GH3-2-overexpressing plants also reflected the function of GH3-2 in controlling auxin concentration (Supplemental Fig.  S8 ). This abnormal morphology was also observed in auxin-deficient GH3-8-and GH3-1-overexpressing rice (Ding et al., 2008; Domingo et al., 2009 ).
In addition, activation of GH3-2 also suppressed the expression of expansin genes (Fig. 7) , which function on the auxin signaling pathway (Ding et al., 2008) . The expression of expansin genes EXPA1, EXPA5, and EXPB10 was markedly induced in wild-type plants but only slightly induced in GH3-2-overexpressing lines after Xoo, Xoc, or M. grisea infection (Fig. 7) . Furthermore, the expression levels of the three genes were significantly lower (P , 0.05) in GH3-2-overexpressing plants than in wild-type plants in at least one time point examined (Fig. 7) .
Expansins are cell wall-loosening proteins and function in auxin-regulated growth (McQueen-Mason et al., 1992) . Xoo infection and IAA treatment induce the expression of multiple paralogues in this family in rice; overexpression of rice expansin genes EXPA1, EXPA5, and EXPA10 results in increased susceptibility to Xoo (Ding et al., 2008) . EXPA1-, EXPA5-, and EXPA10-overexpressing plants also showed significantly increased (P , 0.01) susceptibility to Xoc strain RH3 (Supplemental Table S1 ). The average lesion lengths caused by RH3 infection were 0.80 6 0.19, 0.64 6 0.09, and 0.76 6 0.17 cm for EXPA1-, EXPA5-, and EXPA10-overexpressing plants, respectively, compared with 0.51 6 0.07 cm for wild-type Zhonghua 11. EXPA1-, EXPA5-, and EXPA10-overexpressing plants also showed slightly increased susceptibility to M. grisea isolate CHL358 (Supplemental Table S2 ). The disease index caused by CHL358 infection ranged from 35.6 to 40 for EXPA1-, EXPA5-, and EXPA10-overexpressing plants as compared with 31.1 for wildtype plants. These results suggest that GH3-2 mediates resistance to Xoc and M. grisea, possibly through inhibition of expansin genes by suppressing auxin signaling.
Pathogen-Secreting IAA Is Associated with Host Local Accumulation of IAA Some plant pathogens secrete auxin as a virulence factor during infection of hosts (Comai and Kosuge, 1982; Surico et al., 1985) . To ascertain whether Xoo, Xoc, and M. grisea also possess this feature, we quantified IAA accumulation in the liquid medium used for culturing these pathogens. Three Xoo strains, PXO61, PXO99, and PXO347, were analyzed. After culturing the bacteria in liquid medium until an optical density at 600 nm (OD 600 ) exceeded 1.0, the amounts of IAA in the culture medium were 5.5 6 0.4, 14.6 6 1.6, and 9.6 6 1.5 ng mL 21 OD 600 21 for PXO61, PXO99, and PXO347, respectively. The amount of IAA in the medium after culturing Xoc strain RH3 was 5.9 6 1.1 ng mL 21 OD 600 21 . The amounts of IAA in the medium after culturing M. grisea isolates CHL358 and RB11 were 15.9 6 3.1 and 17.8 6 2.9 ng mL 21 OD 600 21 , respectively. These results suggest that Xoo, Xoc, and M. grisea can secret IAA and that they may use IAA as a virulence factor to infect rice.
The inference that Xoo uses IAA as a virulence factor is supported by the evidence that pretreating rice with IAA increased rice susceptibility to Xoo infection (Ding (Fig. 8) . IAA-pretreated plants were also more susceptible to M. grisea isolate CHL358 (Fig. 8) . These results suggest that auxin can also help Xoc and M. grisea to infect rice.
Indole-3-acetaldehyde oxidase (AAO) and nitrilase (NIT) are two protein families involved in the two Trpdependent pathways for IAA biosynthesis in plants (Woodward and Bartel, 2005) . Expression of AAO3 (AK065990) and NIT1 (AK104033) genes, which were putatively involved in IAA biosynthesis, was markedly induced in a susceptible rice line after Xoo infection (Ding et al., 2008) . To ascertain whether resistant and susceptible plants had different expression patterns of IAA synthesis-related genes on pathogen infection, we examined the expression of AAO3 and NIT1 in different rice-pathogen interactions (Fig. 9) . Xoo, Xoc, and M. grisea infection all induced AAO3 and NIT1 in both resistant and susceptible rice lines. However, the transcript levels of AAO3 and NIT1 were significantly higher in susceptible lines than in resistant lines at more time points examined after Xoo, Xoc, or M. grisea infection. These results suggest that the susceptible reaction may be associated with rapidly increased endogenous biosynthesis of IAA.
The expression of AAO3 and NIT1 was also influenced by IAA treatment. IAA treatment first suppressed and then induced AAO3 and NIT1 as compared with water-treated control plants (Fig. 10) . Treatment of rice with IAA also rapidly induced GH3-2 (Fig. 10) . These results suggest that pathogens secreting IAA may induce rice to synthesize its own IAA, which further helps the infection by pathogens in susceptible rice. Previous studies reported that enhanced Xoo resistance is associated with increased accumulation of SA, SA synthesis-related genes, and SA-responsive genes or with increased accumulation of JA and JA synthesisrelated genes (Qiu et al., 2007; Yuan et al., 2007; Tao et al., 2009; Xiao et al., 2009 ). The expression patterns of seven defense-responsive genes, pathogenesis-related (PR) genes PR1a (for acidic PR protein 1; AJ278436), PR1b (for basic PR protein 1; U89895), and PR10 (for ribonuclease; D38170) that are responsive to SA and JA signaling, SA synthesis-related genes PAL1 (for Phe ammonia-lyase 1; X16099) and PAD4 (for phytoalexin deficient 4; CX118864), and JA biosynthesis-related genes LOX (for lipoxygenase; D14000) and AOS2 (for allene oxide synthase 2; AY062258), were examined after infection with Xoo strain PXO61 in transgenic plants. The expression of the seven genes was significantly suppressed (P , 0.05) in GH3-2-overexpressing plants before or at some time points after pathogen infection (Supplemental Fig. S9 ). Accompanying the suppression of these defenseresponsive genes, the SA and JA levels in GH3-2-overexpressing plants were also comparatively lower than those in wild-type plants (Fig. 6A) . PXO61 infection dramatically induced JA accumulation and slightly induced SA accumulation in both wild-type and GH3-2-overexpressing plants. However, the JA and SA concentrations in wild-type Mudanjiang 8 were 1.4-to 1.5-fold and 1.9-to 3.3-fold higher than those in GH3-2-overexpressing lines before pathogen infection, respectively, and maximally 2.2-to 2.3-fold and 2.8-to 5.0-fold higher than those in GH3-2-overexpressing lines after pathogen infection, respectively. These results suggest that GH3-2-mediated Xoo resistance does not require the activation of SA or JA signaling.
DISCUSSION
The results presented here suggest that GH3-2, an IAA-amido synthetase, is an activator in rice resistance against different pathogens. Because of the functional redundancy of the GH3 family in rice, this conclusion is mostly based on the analyses of GH3-2-overexpressing plants. However, the following evidence suggests that GH3-2 should play a role in rice-pathogen interaction in physiologic conditions. First, different types of pathogens more rapidly induced GH3-2 expression in resistant rice lines than in susceptible lines, implying its involvement in defense responses. Second, GH3-2 belongs to the group II proteins of the GH3 family; at least three Arabidopsis proteins (GH3.5, GH3.11, and GH3.12) and two rice proteins (GH3-1 and GH3-8) of this group have been reported to positively regulate pathogen-induced defense responses (Staswick et al., 1998 (Staswick et al., , 2005 Jagadeeswaran et al., 2007; Nobuta et al., 2007; Zhang et al., 2007; Ding et al., 2008; Domingo et al., 2009 ). In addition, this study has revealed a potential candidate for the improvement of rice broad-spectrum resistance for breeding programs.
IAA Secreted by Xoo, Xoc, and M. grisea May Play a Role in Increasing Disease Symptoms
Auxin increases the susceptibility of Arabidopsis, tobacco (Nicotiana tabacum), sweet orange (Citrus sinensis), and rice to biotrophic, hemibiotrophic, or necrotrophic bacterial or fungal infection (Navarro et al., 2006; Chen et al., 2007; Ding et al., 2008; Ferrari et al., 2008; Cernadas and Benedetti, 2009 ). Xoo and Xoc are biotrophic pathogens, and M. grisea is a hemibiotrophic pathogen. IAA makes rice more vulnerable to Xoo infection (Ding et al., 2008) . The results presented here suggest that this hormone also makes rice more vulnerable to Xoc and M. grisea infection.
Many biotrophic, hemibiotrophic, and necrotrophic pathogenic bacteria and fungi, including some species in the Xanthomonas genus, have the ability to produce the plant hormone IAA (Sheldrake, 1973; Fett et al., 1987; Hasan, 2002; Maor et al., 2004; Yang et al., 2007; Reineke et al., 2008) . The IAA produced by some pathogens is pivotal for the pathogenicity process (Comai and Kosuge, 1982; Surico et al., 1985) . The results presented here add another three pathogens, Xoo, Xoc, and M. grisea, to the list of IAA-producing microorganisms. Although our results cannot answer whether Xoo, Xoc, and M. grisea use IAA as a virulence factor to invade rice, the IAA secreted by these pathogens appears to play an important role in rice accumulating endogenous IAA. Accumulation of IAA is associated with an increase in disease symptoms. This inference is supported by the following evidence. IAA could induce the expression of IAA synthesis-related genes (Fig. 10) . Xoo, Xoc, and M. grisea infection all induced these genes ( Fig. 9) and resulted in rice, especially susceptible rice, accumulating IAA ( Fig. 6 ; Ding et al., 2008) . These results suggest that pathogen infection-induced accumulation of IAA at the infection site may be at least partly due to the activation of rice IAA biosynthesis through the initial IAA produced by these pathogens.
GH3-2 Mediates Basal Resistance
The plant cell wall is an important component of basal resistance. The expansin genes encoding cell wall-loosening proteins are induced by IAA treatment and Xoo infection, suggesting that Xoo-induced IAAstimulated local production of expansins may be one of the mechanisms used by Xoo to infect rice (Ding et al., 2008) . The results presented here further support this inference. Xoc and M. grisea infection also induced expansins, and activation of expansins resulted in rice more susceptible to these pathogens ( Fig. 7 ; Supplemental Tables S1 and S2). GH3-2 positively regulates disease resistance by suppressing the action of IAA, which in turn prevents the production of expansins (Fig. 7) . Thus, GH3-2 mediates basal resistance. The disease resistance regulated by Arabidopsis GH3-type proteins is SA dependent (Jagadeeswaran et al., 2007; Nobuta et al., 2007; Park et al., 2007; Zhang et al., 2007) . Rice GH3-8-mediated Xoo resistance did not require the activation of either the SA-or JA-dependent pathway (Ding et al., 2008) . Rice GH3-2 mediates resistance in the same way as GH3-8. This may be the consequence of rice and Arabidopsis adopting different mechanisms to suppress auxin signaling during disease resistance.
Although pathogen-secreted IAA may have a pathogenic role by inducing rice synthesis of IAA, IAA can also induce GH3-2 expression (Fig. 10 ). GH3-2 in turn suppresses IAA activity in a feedback loop. However, induction of GH3-2 on pathogen infection is more rapid or efficient in R gene-containing rice lines or resistant lines not carrying an R gene than in susceptible rice lines (Figs. 2 and 3) , suggesting that other factors in addition to IAA may also influence GH3-2 expression in the rice-pathogen interaction.
GH3-2 May Contribute to a Resistance QTL
Map-based cloning is not the best choice to isolate minor resistance QTLs because of their small effect on disease resistance. The strategy of validation and functional analysis of the QTL has proved to be an applicable approach to isolate minor resistance QTLs (Hu et al., 2008; . Through a functional complementary test, QTL mapping, and pathogeninfluenced expression analysis, we infer that GH3-2, in cooperation with OsWRKY13, may contribute to a minor resistance QTL. This suggestion is also supported by phenotypic comparison of different RILs with Figure 9 . Expression of putative IAA synthesis-related genes AAO3 and NIT1 in different rice varieties after infection with Xoo strain PXO61, Xoc strain RH3, or M. grisea isolate CHL358. Bars represent means (three replicates) 6 SD. Two asterisks or one asterisk indicate that a significant difference was detected between susceptible and resistant rice lines of the same treatment at P , 0.01 or P , 0.05, respectively. ck, Before infection. Xoo infection. When R gene loci and other resistance QTLs were fixed, the RILs that carried the putative resistance GH3-2 allele showed significantly enhanced resistance compared with RILs that carried the putative susceptible GH3-2 allele (Fig. 2) .
It is interesting that at the GH3-2 locus, the resistant allele for Xoo resistance was from resistant line Minghui 63 and the resistant allele for M. grisea resistance was from susceptible line Zhenshan 97 in the same segregation population. However, the two alleles encode an identical protein but have different expression patterns in rice-pathogen interactions (Figs. 2 and 3) . In quantitative resistance, the alleles contributing to resistant loci can be divided into three groups by comparison with their corresponding susceptible alleles . GH3-2 appears to belong to the group whose resistant alleles result from expressional or posttranslational differences during hostpathogen interactions. This inference is supported by the evidence that the GH3-2 alleles have different promoters; the GH3-2 promoter in Minghui 63 carries extra cis-acting elements that are putatively involved in auxin response and disease defense (Supplemental Fig. S3 ). The induced expression of GH3-2 alleles from Minghui 63 was associated with enhanced Xoo resistance (Fig. 2) . However, the expression levels of GH3-2 alleles were differentially induced in RILs that had relatively consistent genetic backgrounds in comparison with that in Zhenshan 97 in the rice-M. grisea interaction (Fig. 3A) . This difference may be partially explained by the fact that Minghui 63 and Zhenshan 97 had different background levels of IAA, although differential expression of GH3-2 was associated with different levels of IAA-Asp conjugate in the two rice varieties (Supplemental Fig. S10 ). Further study is needed to examine whether this expressional difference of GH3-2 alleles in Minghui 63 and Zhenshan 97 resulted in their putatively different contributions in quantitative resistance.
Perspective of GH3-2 in Breeding Programs
The features of broad-spectrum resistance conferred by GH3-2 suggest that this gene is a potential candidate for rice breeding programs. This gene is extremely valuable for improving rice resistance against Xoc because the host genes involved in the rice-Xoc interaction are poorly understood and no R gene for Xoc resistance has been identified. It is expected that GH3-2 may also mediate resistance to other rice pathogens that also secrete IAA as a virulence factor. Marker-assisted selection has been applied in breeding programs for targeted transferring and pyramiding of major resistance QTLs in different crops. However, marker-assisted selection of a single minor QTL is not effective for improving disease resistance because of its small effect on phenotype. The results presented here suggest that, by manipulating its expression, a single minor resistant QTL may be used for improving broad-spectrum resistance in rice. However, GH3-2 is also a regulator for rice growth and development. Thus, the efficient way of using GH3-2 in rice improvement of disease resistance may use a nonspecific pathogen species-induced strong promoter to enhance its expression when infected.
CONCLUSION
The pathogens that cause rice bacterial blight, bacterial streak, and blast diseases secrete IAA. IAA increases rice disease symptoms. GH3-2, encoding an IAA-amido synthetase, confers a broad-spectrum quantitative resistance against bacterial blight, bacterial streak, and blast via suppressing auxin signaling. It is expected that, controlled under a pathogen-induced strong promoter, GH3-2 could be a candidate for rice breeding programs.
MATERIALS AND METHODS
QTL Analysis
A rice (Oryza sativa) recombinant inbred line population was used for comapping of GH3-2 gene and resistance QTLs. This population consisted of 241 lines developed from a cross between Zhenshan 97 and Minghui 63 by single-seed descent. A molecular linkage map containing 221 markers and covering the whole rice genome was developed with this population (Xing et al., 2002) . This population had been used to identify resistance QTLs against four Xanthomonas oryzae pv oryzae strains (Chinese strains JL691 and KS-1-21 and Philippine strains PXO61 and PXO339; Chen, 2001 ) and three Magnaporthe grisea isolates (Chinese isolates F1366 and F1814 and Philippine isolate V86013; Chen et al., 2003) . GH3-2 was mapped using a PCR-based cleave amplification polymorphism sequence marker (Supplemental Table S3 ) designed according to a single nucleotide polymorphism localized at the 3#-untranslated region of GH3-2 (Supplemental Fig. S2A ). Mapmaker/Exp 3.0 (Lincoln et al., 1992) was used for linkage analysis. QTL analysis was conducted using the computer program Windows QTL Cartographer Version 2.5 for composite interval mapping at a threshold of logarithm of odds 2.5 (Wang et al., 2007b) .
Gene Isolation and Structure Analysis
The sequence (GenBank accession no. CX100320; Zhang et al., 2005) of cDNA clone BI101D22 of the GH3-2 gene from rice var Minghui 63 was used to screen the rice whole genome sequence database (Rice Genome Annotation Project; http://rice.plantbiology.msu.edu) using the BLAST program (Altschul et al., 1997) . The cDNA sequence CX100320 was highly homologous to gene locus LOC_Os01g55940. Based on the structure of LOC_Os01g55940, CX100320 harbored the entire coding sequence of GH3-2. A series of PCR primers (Supplemental Table S3 ) were designed to sequence the genomic sequence of GH3-2 from rice Minghui 63. The genomic and cDNA sequences of GH3-2 from Minghui 63 were compared to determine the structure of this gene.
Transformation
The overexpression construct of GH3-2 was constructed by cutting GH3-2 from cDNA clone BI101D22 using restriction enzymes KpnI and BamHI and ligating it into the transformation vector pU1301 (Supplemental Fig. S2A ), which contained a maize ubiquitin gene promoter in the multicloning site . To construct an RNAi vector of GH3-2, a 442-bp cDNA fragment of GH3-2 was amplified from cDNA clone BI101D22 using primers pEI5P11a(3) and pEI5P11a(4) (Supplemental Table S3 ) and inserted into the pDS1301 vector (Supplemental Fig. S2B ; Yuan et al., 2007) . The overexpression and RNAi constructs were transferred into Agrobacterium tumefaciens strain EHA105 by electroporation. Agrobacterium-mediated transformation was performed using calli derived from mature embryos of rice varieties Mudanjiang 8 and Zhonghua 11 (Lin and Zhang, 2005) .
Pathogen Infection
For the evaluation of bacterial blight disease, rice plants were inoculated with Chinese Xoo strain JL691 or Philippine Xoo strains PXO61 or PXO347 by the leaf-clipping method (Chen et al., 2002) . Disease was scored by calculating the percentage lesion area (lesion length/leaf length) at 2 weeks after inoculation. The growth rate of Xoo in rice leaves was analyzed by counting colony-forming units (Sun et al., 2004) .
For evaluating bacterial streak disease, plants were inoculated with Xanthomonas oryzae pv oryzicola strain RH3 at a concentration of 9 3 10 8 colonyforming units mL 21 using the needle-stab method (Tao et al., 2009) . Lesion lengths were measured 3 weeks after inoculation. For fungal blast disease evaluation, seedlings at the four-to five-leaf stage were inoculated with M. grisea isolate 9-17-2 or CHL358 by the spraying method (Chen et al., 2003) . Disease was scored using the 0-to-9 scale rating system at 7 d after inoculation (Tao et al., 2009) . In this rating system, disease index was calculated with the individual leaf ratings using the following formula: disease index = [sum of numerical ratings from all leaves/(number of leaves assessed 3 maximum lesion rating)] 3 100. A disease index of $0 and #5 indicates high resistance, .5 and #15 indicates resistance, .15 and #30 indicates moderate resistance, .30 and #45 indicates moderate susceptibility, .45 and #60 indicates susceptibility, and .60 indicates high susceptibility.
The effect of IAA on disease development was applied as described previously (Ding et al., 2008) . Rice plants at the tillering stage (for Xoc infection) or at four-to five-leaf stage (for M. grisea infection) were sprayed with a solution containing 100 mM IAA diluted in 0.02% Tween 20. The control plants were mock sprayed with a solution containing 0.02% Tween 20. The plants were inoculated with Xoc strain RH3 or M. grisea isolate CHL358 at 4 h after IAA treatment. The bacterial and fungal inocula were prepared as in the procedures cited above, except that the inocula contained 100 mM IAA.
Quantification of Hormones
Leaf fragments about 5 cm long right next to the inoculation sites were used for analysis. Three replicates of each leaf sample (0.1 g) were used for phytohormone quantification. The samples were prepared as described previously (Ding et al., 2008) . SA, JA, IAA, IAA-Asp, and IAA-Ala were quantified using the ultrafast liquid chromatography (UFLC)-electrospray ionization-tandem mass spectrometry (MS/MS) system. The purified sample was diluted using methanol in a ratio of 1:200 (v/v) for SA quantification. The quantitative data of SA and naphthalene acetic acid (as internal standard for SA; Sigma-Aldrich) were obtained using the peaks of the precursor ions 136.9 and 183.0 and the product ions 92.9 and 141.0, respectively. The quantitative data of JA and 10-dihydro-JA (as internal standard for JA; Olchemim) were obtained using the peaks of the precursor ions 209.1 and 211.2 and the product ions 59 and 59, respectively (Tao et al., 2009) . The quantitative data of IAA, IAA-Asp, IAA-Ala, and D 2 -IAA (as internal standard for IAA and IAA-amino acid; Sigma-Aldrich) were obtained using the peaks of the precursor ions 173.9, 289, 244.9, and 175.9 and the product ions 129.9, 131.9, 156, and 131.9, respectively.
To prepare samples for the quantification of secreted IAA by bacterial pathogens, Xoo and Xoc were first grown on potato-agar medium (Chen et al., 2002) for 2 d at 28°C; M. grisea organisms were grown on tomato-oat-agar medium, which was prepared using 20 g of oats, 150 mL of tomato juice, and 14 g of agar and adding deionized water to 1,000 mL for 5 d at 28°C. A loopful of bacterial pathogen cells was inoculated into potato liquid medium and grown at 28°C with shaking (200 rpm) overnight in the dark. Then, 1 mL of the cell suspension was inoculated to 100 mL of the same fresh medium and was grown at 28°C with shaking (200 rpm) in the dark. Finally, a 1.5-mL sample was harvested 14 h later. A 100-mL sample was tested for OD 600 . The remaining sample was centrifuged at 12,000g for 10 min. The supernatant (600 mL) was mixed with IAA internal standard D 2 -IAA (Sigma-Aldrich). The sample was purified by filtration (pore size of 0.22 mm). The filtrate was dried under a stream of nitrogen. The dried sample was resuspended into 100 mL of methanol for quantification of IAA. For quantification of secreted IAA by fungal pathogens, a loopful of M. grisea mycelia was inoculated into tomato liquid medium and grown at 28°C with shaking (200 rpm) in the dark for 3 d. Then, a 2-mL sample was harvested and centrifuged at 12,000g for 10 min. The supernatant (600 mL) was treated following the same procedures described above. For control, potato or tomato liquid medium without inoculations of pathogen was shaken and harvested at the same time. The ultimate IAA concentration secreted by pathogens was determined by subtracting the amount of IAA in noninoculated medium from that in pathogen-grown medium.
Enzyme Assay
The entire coding region of GH3-2 was amplified from cDNA clone BI101D22 using primers YHBD3.2-FNdeI and YHBD3.2-R (Supplemental Table S3 ), and the PCR product was inserted into a pET28a expression vector (EMD Biosciences) to generate His-GH3-2. The fusion protein was expressed and purified, and the reaction for IAA-amino acid conjugate formation was performed as described previously (Staswick et al., 2005; Ding et al., 2008) . The sample (20 mL) of reaction product was diluted with 80 mL of methanol. An aliquot (1 mL) of the diluted sample was further diluted with 199 mL of methanol. An aliquot (10 mL) of the finally diluted sample was injected into the UFLC-MS/MS apparatus equipped with a Waters C18 Atlantis column (2.1 3 150 mm). IAA, IAA-Ala, and IAA-Asp were separated using UFLC at a flow rate of 0.25 mL min 21 with linear gradients of solvent A (0.04% acetic acid) and solvent B (0.04% acetic acid in acetonitrile) set according to the following profile: 0 min, 90% A + 10% B; 2.0 min, 10% A + 90% B; and then with isocratic conditions: 13 min, 10% A + 90% B; 16.1 min, 90% A + 10% B; and holding for 3.9 min. IAA and IAA-amino acid conjugates in the reaction mixture were quantified using UFLC-electrospray ionization-MS/MS as described above. The retention times of IAA-Asp, IAA-Ala, and IAA were 5.9, 6.8, and 7.5 min, respectively. Standard IAA-Asp, IAA-Ala, and IAA were purchased from Sigma-Aldrich.
RNA Gel-Blot and Quantitative Reverse Transcription-PCR Analyses
Leaf fragments about 5 cm long right next to the inoculation site were used for analysis. Aliquots (15 mg) of total RNA were used for RNA gel-blot analysis (Zhou et al., 2002) . A 442-bp cDNA fragment of GH3-2, which was amplified using primers pEI5P11a(3) and pEI5P11a(4) (Supplemental Table  S3 ), was used as a hybridization probe. Quantitative reverse transcription-PCR was conducted as described previously (Qiu et al., 2007) . The PCR primers for gene expression analysis are listed in Supplemental Table S3 . The expression level of the rice actin gene was used to standardize the RNA sample for each quantitative reverse transcription-PCR. The assays were repeated at least twice biologically, with each repetition having three replicates; similar results were obtained in repeated experiments. SD was calculated for each data point.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number GU001814 (Minghui 63) for GH3-2.
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